Haloferax gibbonsii strain Ma2.39 produces an inhibitor substance designated halocin H6. This halocin was isolated from culture supernatants of the producer strain. It appeared to be a noninducible bacteriocin with a bactericidal mode of cation and typical 'single-hit' kinetics. The protein was purified by a combination of hydroxylapatite affinity chromatography, gel filtration and HPLC. Halocin H6 is a protein of M, 32000; it is heat resistant, non-salt-dependent (it retains its activity after exposure to distilled water) and sensitive to pronase but not to trypsin.
INTRODUCTION
The Halobacteriaceae are extremely halophilic archaeobacteria that inhabit aquatic hypersaline environments. They produce a wide variety of antagonistic substances termed halocins (Rodriguez-Valera et al., 1982; which resemble bacteriocins of eubacteria (Reeves, 1965) . Bacteriocins are extremely widespread among eubacteria. They are proteinaceous substances capable of inhibiting organisms closely related to the producer. To our knowledge, halocins are the sole bacteriocins so far described in archaeobacteria. A study of antagonisms among 79 strains of halobacteria showed that probably at least 15 different groups of halocins are present . Halocin H4 produced by Haloferax mediterranei has been studied quite extensively. It is a protein of M, 28000 which is thermolabile and saltdependent, losing its activity partially at low salt concentrations and totally after exposure to distilled water (Rodriguez-Valera et al., 1982) . Halocin H4 has a wide action spectrum, inhibiting most of the other groups of halobacteria (Meseguer & Rodriguez-Valera, 1985) . The mechanism of action of this halocin seems to involve the disruption of ion-gradients across the membrane of target cells. The halocin causes cell-death and lysis that follow 'single-hit'-type kinetics (Meseguer & Rodriguez-Valera, 1986) . Some work has also been done on halocin HalRl, which is produced by Halobacterium sp. GNlOl. Halocin HalR1 is a peptide of M, 6200, which is thermostable and not salt-dependent. It has a bacteriostatic effect on a wide variety of halobacteria (Rdest & Sturm, 1987) .
In this paper we describe the isolation, purification and partial characterization of halocin H6 from Haloferax gibbonsii. grown in cylindrical flasks containing 20 1 medium which was aerated by a gentle humidified airflow and magnetically stirred. Solid media contained 2% (w/v) Bacto agar (Difco) and plates were incubated in sealed plastic bags.
Activity assays. The halocin activity present in supernatant fractions and other samples was evaluated by two methods. To plates containing 10 ml solidified medium was added 5 ml of the same medium kept liquid at 50 "C and thoroughly mixed with 0.1 ml solution containing lo7 cells of the indicator organism. The activity of samples containing low amounts of halocin was assayed by filling 0.5 cm diameter wells, cut through the agar, with 50 p1 of the samples. This method has the advantage that it is rapid and easy to test many samples at the same time, but the sensitivity is limited by the diffusion capacity of the halocin through the solid medium. Thus the diameter of the inhibition halo is proportional to the inhibitory activity of a solution when such inhibitory activity is equal to or less than 640 arbitrary units (AU) ml-l, but at higher values the size of the halo remains practically constant. Nevertheless, the method permits determination of fractions with highest activity. For samples with higher activity, a twofold dilution method was used, diluting the samples with 25% SW salts solution. When wells were used, activity is given in mm, according to the following expression: A = (inhibition halo diameterwell diameter)/2. In the twofold dilution method the highest dilution producing visible inhibition was considered to contain 1 AU.
Production and concentration of hulocin H6. Strain Ma2.39 was cultured in 20 1 complex medium to the beginning of the stationary phase. Cells were removed by tangential filtration using the Pellicon (Millipore) system with 0-45 pm filters. The filtrate fraction was then ultrafiltered using the same system with 1OOOOO D ultrafilters to eliminate substances of relatively high M,. The ultrafiltrate fraction was concentrated to 0.5 1 using the same system and loo00 D ultrafilters, followed by further concentration to a final volume of 50 ml using Millipore CX-10 immersible ultrafilters. The concentrated fraction was then dialysed against 25 % SW salts solution and filtered through 0.45 pm HA Millipore filters before being submitted to further processes.
Purification and M, determination. The concentrated culture filtrate fraction was applied to a hydroxylapatite column in 10 mM-potaSSiUm phosphate buffer containing 2.5 M-NaCl (pH 7.2) and eluted by a linear gradient of 10400 mM-potaSSiUm phosphate buffer in 2.5 M-NaCl (pH 7.2). Fractions of 10 ml were collected and tested for inhibitory activity.
Fractions with the highest inhibitory activity were collected, concentrated to 3 ml, dialysed against distilled water, and filtered through Sephadex G50 previously equilibrated with 0.05 M-Tris/HCl (pH 6.7) and eluted with the same buffer. Fractions of 1 ml were collected, and those containing maximal activity were pooled and concentrated again to 1.5 ml. Then 0-5 ml of this concentrate was chromatographed in an HPLC system (Beckman) through a Spherogel TSK3000 SW column equilibrated with 0.05 M-Tris/HCl (pH 6.7). The samples were eluted with the same buffer. Fractions of 0.5 ml were collected and tested for activity. Ovoalbumin, lactoglobulin, trypsin and lysozyme (all from Sigma) were used as protein standards.
The M, of halocin H6 and the degree of purity of the samples obtained were determined by SDS-PAGE (Weber & Osborn, 1975) using an acrylamide concentration of 12% (w/v). Samples were tre?ted as follows: 15 p1 of the sample was mixed with 25 p1 of a stock solution containing 1.2 mlO.5 M-Tris/HCl (pH 6.3), 1 ml50% (v/v) glycerol in distilled water, 0.5 mlO.O5% (w/v) bromophenol blue in ethanol, 1.5 ml20% (w/v) SDS in distilled water and 0.75 ml mercaptoethanol. This mixture was heated to 100 "C for 5 min. M, marker proteins were obtained from Bio-Rad.
Induction by U P ' light. HJ gibbonsii was cultured in 100 ml complex medium to the exponential growth phase, collected by centrifugation (16o00g, 20 min) and resuspended in 20 ml25% SW salts solution. This suspension was exposed to UV light from a Sylvana G85T UV lamp at 30 cm. Under these conditions, 1 % survival was obtained after 27 s of irradiation. Samples of 4 ml were taken at different times and inoculated into 250 ml Erlenmeyer flasks containing 40 ml complex medium. Halocin activity in the culture supernatant was assayed daily.
Efect of acridine orange treatment on halocinproduction. Tubes containing 5 ml complex medium plus 25,50,75, 100 or 125 pg acridine orange ml-l were inoculated with 0.1 ml of an exponential culture of Hf. gibbonsii. After 1
week of incubation the tube with the highest acridine orange concentration showing growth was diluted and samples of this dilution were plated and tested for halocin production. Colonies not surrounded by an inhibition halo were transferred again to plates containing double layers of the sensitive strain to test for loss of bacteriocinogenic activity. Killing kinetics. The loss of viability of susceptible cells was measured as a function of time and halocin concentration.
To study the effect of time, 0.2 ml volumes of 10-fold serial dilutions (to of H. halobium exponential cultures (6 x lo8 cells ml-l) were mixed with 1-8 ml halocin H6 solution(fina1 concentration 1150 AU ml-l) and incubated at 37 "C. As a control, 0.2 ml volumes of the same dilutions were mixed and incubated with 1.8 ml25% SW. Samples of 0.1 ml were taken every 30 min, resuspended in 10 ml sterile 25% SW, and immediately filtered through 0.45 pm HA Millipore filters. After washing with 10 ml25% SW, the filters were placed on plates of solid medium. Colonies were counted after 1 week of incubation at 37 "C. To determine the effect of halocin concentration, twofold dilutions of the concentrated halocin H6 (1280 AU ml-l) were made in 25% SW, and 0.1 ml volumes were mixed with 0.1 ml of a cell suspension (in 25% SW)
containing 6 x lo5 cells ml-' . As a control, 0-1 ml volumes of the same cell suspension were mixed with 0.1 m125 % SW. After 24 h incubation at 37 "C, 0.1 ml of each suspension was filtered as described above, to determine the number of c.f.u. Test for stability of halocin H6. The halocin was subjected to the following tests: (1) incubation with trypsin (0.5, 1,2 and 5 mg ml-l) and pronase (200 and 400 pg ml-l) for 90 min at 37 "C; (2) dialysis against 25,15 and 5% SW and against distilled water; (3) heat-treatment for 10 min at 70, 80, 90 and 100 "C.
RESULTS

Production of halocin H6
The production of halocin H6 was studied as a function of time in media containing different concentrations of salts (15, 20, 25 and 30% SW salts) and in a minimal medium with glucose as the only carbon and energy source. In general, the maximum inhibitory activity of the culture supernatant was reached at the beginning of the stationary phase of growth, and decreased slowly thereafter (as shown in Fig. 1 for 25% SW) . The production of halocin H6 was comparable in 15,20 and 25% SW salts, and somewhat lower in 30% SW salts (Fig. 1) . Halocin H6 production in minimal medium was equivalent to that obtained in complex medium at the same salt concentration (results not shown).
Induction by UV light and acridine orange treatment
The production of many bacteriocins is stimulated by treatment of the producer strains with UV light. To study this effect, strain Ma2.39 was submitted to varying periods of UV irradiation. The production of halocin H6 was the same in all cases (results not shown).
When strain Ma2.39 was treated with acridine orange and tested for halocin H6 production, a first generation of colonies appeared which showed no inhibitory activity. However, when these colonies were isolated and their activity tested again, all the apparently 'cured' strains were as active as the untreated strain. In no case was a real loss of bacteriocinogenic activity observed.
Purijcation
The crude product obtained after concentration to 50 ml of the culture filtrate (20 1) of the producer strain grown in complex medium contained 1280 AU ml-l. SDS-PAGE showed that this concentrated fraction contained numerous proteins (Fig. 2, A) . As a first purification step, the concentrated culture filtrate was passed through a hydroxylapatite column and the activity of the fractions was measured (Fig. 3) . A maximum activity peak was observed around fraction 29. Fractions containing maximal activity (210 ml) concentrated to 3 ml showed activity of 10240 A U ml-l. As halocin H6 did not appear to be salt-dependent the sample was dialysed in medium with 25% SW salts (0) or 30% SW salts (A); 0, A, inhibitory activity of supernatants [A = (halo diameterwell diameter)/2] in 25% SW (0) or 30% SW (A). Inhibitory activity was determined by measuring the inhibition halo produced by 50 pl of sample placed in wells cut in solid complex medium overlaid with sensitive strain. against distilled water, and this produced no change in activity. The dialysed solution (1 ml) was subjected to Sephadex G50 chromatography (Fig. 4 ). Once again a single peak appeared, with the highest activity in fraction 15. The maximal-activity fractions (1 5 ml) were concentrated to 1.5 ml, giving rise to an inhibitory activity of 5120 AU ml-l. As shown by SDS-PAGE (Fig. 2) , both hydroxylapatite and Sephadex G50 chromatography reduced the number of contaminant proteins. Finally 0.5 ml of the last concentrated solution was applied to an HPLC system with a Spherogel column. The chromatogram showed several elution peaks (Fig. 5) . As deduced from the inhibitory activity of the fractions, the residence time of halocin H6 was calculated to be 12.6 +_ 0.3 min. The M, of the halocin was calculated to be 32000. SDS-PAGE showed that the maximal-activity fraction obtained after HPLC had a high degree of purity, and confirmed the calculated M , (Fig. 2, F) .
Stability
Halocin H6 appeared to be a heat-resistant protein : it remained fully active after heating to 90 "C for 10 min. After heat-treatment at 100 "C the number of AU was reduced by 50% but only autoclaving at 121 "C for 30 min destroyed activity completely. After dialysis of halocin H6 for 2 d against various concentrations of salts and also against distilled water the initial activity was retained, showing that the killing activity of the protein is not salt-dependent. The halocin was not inactivated by treatment with trypsin, even at a concentration of 5 mg xnl-l, but treatment with 200 pg pronase ml-1 reduced its initial activity to one-third and treatment with 400 pg pronase ml-l for 90 min totally abolished its inhibitory activity. Fig. 6 shows survival curves of the sensitive strain, H. halobiurn NRC 817, as a function of time and halocin concentration. Both curves are similar to those described for the majority of bacteriocins (Sahl & Brandis, 1982) . Viability decreased exponentially with time of exposure, reaching a minimum after 6 h (Fig. 6a) . As a function of halocin concentration, survival showed a linear correlation in the range 5-80 AU ml-l. No viable cells were detected after incubation with more than 80 AU ml-l (Fig. 6b) . The same results were obtained when the experiment was repeated on a number of occasions.
Kinetics of killing eflects
DISCUSSION
The genetic information for the production of bacteriocins is often encoded by plasmids (Daeschel & Klaenhammer, 1985) . In such cases, treatment of producer strains with plasmidcuring agents, such as acridine orange, gives rise to non-bacteriocinogenic strains. However, all attempts to cure the halocin H6 producer strain failed. This does not exclude the possibility that this halocin is encoded by a plasmid since no plasmid-curing technique efficient in halobacteria has so far been described (Pfeiffer, 1988) . Halocin H4 production was similarly not cured by acridine orange treatment (Meseguer & Rodriguez-Valera, 1985) . Production of H6 by cells exposed to various periods of UV irradiation was identical to that by untreated cells. This is not surprising, since not all bacteriocins are inducible, and moreover, halobacteria in general show an unusual tolerance of radiation (Hescox & Carlberg, 1972) .
Particular medium components may be critical for the production of individual bacteriocins (Rogers, 1972) . However, the different media tested did not appear to influence the production of halocin H6. The only effect found was a slight inhibition in high salt concentrations, but this may be a secondary effect due to the inhibition of growth. In any event, it seems clear that strain Ma2.39 does not require any special component in the medium to enable synthesis of H6, since a comparable quantity of halocin H6 was produced in minimal medium with glucose as in complex medium. Production of halocin H6 as a function of time was as observed for other bacteriocins: inhibitory activity in the culture supernatant was maximal at the beginning of the stationary phase, with a slight decline at later stages. The reason for this decline is unknown. Some authors have suggested that it may be due to the production of a substance inhibitory to the bacteriocin, or to proteases which totally or partially digest bacteriocins (Tagg et al., 1976) .
The purification of small quantities of halocin H6 involved the processing of large volumes of culture supernatant. Considerable quantities of halocin were lost during the ultrafiltration process, and the final activity did not correspond with that expected on 400-fold concentration of the culture filtrate. Halocin H6 adsorbs to cellulose ester filtration membranes (data not shown), and although the composition of the ultrafilters used is different it is possible that a similar non-specific adsorption occurred. At the moment this loss is inevitable, since attempts to use techniquzs normally employed for the concentration of eubacterial bacteriocins have failed with halocin H6, probably due to the high salt content of the culture medium. Another problem is that the culture filtrate contained a great diversity of proteins, possibly due to lysis of the producer strain.
The inhibitory activity detected in the culture filtrate is caused by a single proteinaceous substance. The possibility that this substance may contain small quantities of other components, e.g. carbohydrates, cannot be ruled out, but they cannot be detected at this stage because of the small final quantity of purified halocin H6. From the results presented it can be deduced that the halocin is a very stable, heat-resistant and non-salt-dependent protein which remains active even in distilled water. Pronase easily inactivated halocin H6, whilst even a high dose of trypsin was ineffective.
Halocin H6 is a bactericidal substance which adsorbs to target cells and causes cell lysis (data not shown). This lysis has been observed by optical microscopy with fresh preparations of H. hafobium treated with a large amount of halocin H6. After approximately 5-10min the majority of the cells begin to suffer visible morphological changes, becoming more or less spherical, and finally the cells lyse (data not shown). This suggests that the mechanism of action of this halocin may be localized at the envelope level. The killing effect follows exponential-type kinetics, generally characteristic of those bacteriocins designated as 'single-hit' type. It may therefore be concluded that halocin H6 can be considered a typical bacteriocin, since it complies with all essential definitions for this type of substance: (i) an essential, biologically active protein moiety and (ii) a bactericidal mode of action (Tagg et al., 1976) .
